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Introduction 
Over the past several decades the introduction of environmental pollutants,  or 
xenobiotics ,  into terrestrial , marine, and fresh water ecosystems has increased 
dramatically. These environmental pollutants range from commonly used compounds , 
such as petroleum and gasoline, to relatively rare chemicals ,  such as the insecticide Mirex 
( 1 9) .  Due to the wide variety of xenobiotics and the widespread contamination of diverse 
habitats and ecosystems, a maj or area of research and investigation has been devoted to 
the removal of these chemical pollutants . One of the most promising methods for 
elin1inating these pollutants from the environment is  bioremediation. This method can be 
defined as a means of encouraging the process of pollutant degradation by introduced or 
naturally occurring microorganisms in the ecosystem ( 1 ) .  Bioremediation provides a 
natural, relatively inexpensive method to remove toxins from the environment. 
This investigation focuses on the bioremediation of toluene in freshwater, 
anaerobic  conditions by the recently i solated bacterial strain PRTOLl ,  and the 
development of a rapid and efficient quantitative method using 1 6S-rRNA targeted, 
fluorescently labelled oligonucleotide probes to directly detect and monitor this strain in 
situ. This investigation also focuses on the application of this  method to determine the 




Despite the fact that bioremediation, or the use of naturally occurring organisms to 
remove chemical pollutants from the environment, has been used to clean-up 
contaminated ground water aquifers (2 1 ,  62), soil (2 1 ) , and marine (2 1 )  ecosystems this 
method i s  often difficult to perform outside of controlled laboratory conditions . One 
reason bioremediation is difficult to perform is  that the indigenous population may act on 
a particular chemical , but this action often times is not rapid enough to prevent the 
spreading  of a localized problem ( 1 ) .  Another problem often encountered in 
bioremediation studies is that the unwanted chemical is present in concentrations high 
enough to supress the native biodegrading species or the chemical is present in 
concentrations too low to stimulate rapid degradation ( 1  ). Another reason bioremediation 
is troublesome is that the conditions in the contaminated environment are too stressful, 
preventing degradation from occurring at all by the authochthonous microbes ( 1 ) .  A 
fundamental reason that bioremediation does not succeed is the inability of the 
indigenous microbial population to degrade the specific chemical pollutant contaminating 
a particular environmental location. One solution proposed to eliminate these difficulties 
is the idea of bioaugmentation. This process involves importing or introducing microbes 
into the contaminated site that are capable of degrading a particular xenobiotic, or 
chemical pollutant, under the specific conditions present. In general , using 
bioaugmentation, microbial ecologists could asses the environmental parameters, such as 
temperature, salinity, and pH, of the contaminated site and introduce a bacterial 
population capable of degrading the target chemical under these specific conditions ( 1 ). 
6 
B ioaugmentation has been used successfully in the removal of a wide array of 
xenobiotics from a diversity of ecosystems . For example, Psuedomonas stutzeri 
introduced into soil microcosms readily degraded the recalcitrant insecticide parthion 
within three weeks ( 1 ) . Another example of the successful use of bioaugmentation is the 
introduction of a microbial mixture into soil slurries contaminated with 2-, 3- ,  4-
nitrophenol and 2 ,4 dinitrophenol. After a two month period all of these chemicals were 
reduced to minimal concentrations in the inoculated environment ( 1 ) .  Bioaugmentation 
was also  successfully used to remove n-alkane constituents with chain lengths of 20-25 
carbons in marine systems by inoculating the yeast strain Candida suillermondii into 
contaminated sites ( 1 ) . 
While bioaugmentation has been used successfully in a variety of bioremedial 
investigations, several factors must be overcome to prevent the failure of the 
bioaugementation process .  The reasons for failure often reflect ecological constraints on 
the introduced organism. These constraints include limiting nutrients,  suppression by 
predators and parasites, the inability of bacteria to move through the soil matrix ,  the 
presence of more readily available carbon and energy sources, the concentration of 
substrates is too high or too low to support population multiplication, temperature, pH, 
and salinity ( 1 ) . The actual source, size, and inoculating procedure also impact the 
success rate of bioaugmentation (56) . In general , the microorganism must be able to 
overcome the biotic and abiotic stresses in the environment in which it is to be 
introduced. The main problem in determining the effects of all of these biotic and abiotic 
factors is the inability of microbial ecologists to distinguish the introduced organism from 
the indigenous bacterial population. In order to successfully perfonn bioaugmentation on 
7 
contaminated environments it is necessary to develop a detection method that allows the 
target organisms to be easily identified and monitored in the foreign environn1ent, thus 
making it easy to determine whether or not the bacterial population was successfully 
introduced into the contaminated site .  
B. Detection of  Single Cells: 
In order to determine a microorganism' s  potential as a bioremedial agent it i s  
important to  be able to  detect and monitor the fate of  an introduced microorganism within 
a foreign microbial community. In particular, it is important to know whether the 
inoculated population will proliferate, and become temporarily or permanently 
established in the area, or if it will fail due to detrimental environmental s timuli . To 
determine this it is necessary to develop methods and techniques to assess the diversity, 
abundance,  and activity of microorganisms in their natural ecosystems, or in situ. These 
methods are fundamental to studies in microbial ecology. Historically, microbial 
ecologi sts have been limited in their ability to detect, monitor, and identify single 
bacterial cells in complex natural communities due to the inadequacies of the standard 
methodologies ( 107 , 1 08) .  Until recently, microbial ecologists relied heavily on selective 
enrichment procedures and pure culture isolations ,  because few microbes have 
sufficiently distinct morphology to be distinguished by standard microscopy alone. 
The use of selective enrichment and pure culture i solations introduces biases into 
the investigations because a microorganism can only be cultivated after its physiological 
niche has been perceived and duplicated experimentally ( 1 07 ,  1 08) .  These experimental 
manipulations can lead to inaccurate information regarding the status of microorgani sms 
8 
in the natural environment by  introducing selective pressures .  Thus, an accurate 
representation of the natural bacterial community, and the interactions within the 
ecosystem, is no longer present. Current data predicts that anywhere from 80o/o-99% of 
naturall y  occurring bacterial strains remain undiscovered because they cannot be cultured 
under selective laboratory conditions (29) . 
These assessments alone show the inadequacies of relying on culture methods to 
obtain information about the natural population of microorganisms and their interactions 
within a habitat. Fortunately,  detection methods to assess the composition and activity of 
microbial communities have increased significantly over the past few years . These 
methods include the use of flow cytometry (7 , 40), enzymes ,  such as horseradish 
peroxidase (5) and digoxigenin (59, 76, 1 1 8), standard polymerase chain reaction (PCR; 
3 1 ,  97), repetitive extragenic palindromic PCR ( 1 8 ,  104, 1 16), nested PCR (35) ,  and 
molecul ar beacons (87). The most widespread molecular technique to emerge is  the 
utilization of fluorescently l abelled nucleic acid probes (4, 27, 78) .  
C. Flourescent in situ Hybridization (FISH) 
Fluorescent in situ hybridization (FISH) involves the hybridization, or binding, of 
a fluorescently labelled nucleic acid probe with the complementary sequence of a target, 
or a reporter molecule. This  hybridization reaction is then followed by directly detecting 
the fluorescent signal using fluorescence microscopy ( 4, 27 , 78) .  FISH enables 
researchers to directly detect single cells of specific bacterial populations in a wide range 
of natural communities , thus eliminating the biases introduced by standard methods . 
9 
There are several advantages associated with FISH as a molecular technique. It is 
a relatively rapid, efficient, inexpensive, and safe detection method in comparison to 
other probe detection methods . Another advantage is that FISH provides accurate and 
realistic representations of microbial populations and community interactions within 
ecosystems . In fact, this methodology has revolutionized the fields of microbiology and 
microbial ecology by allowing the study of bacteria under natural conditions and 
parameters . The FISH methodology has led to the discovery of organisms that previously 
could not be cultured through the standard techniques of selective enrichment culturing 
and pure culture isolations and led to the ability to monitor specific bacterial strains in 
previously unstudied environments . For example, FISH has been used to monitor 
bacterial assemblages in the pelagic l ayers of high altitude mountain lakes (2) , limnetic 
aggregates ( 1 1 0) ,  activated sludge ( 1 06 ,  107), goat rumen (74), mice cecum (8), drinking 
w ater (76) ,  biofilms (85), and endosymbionts (9) and ectosymbionts (35)  from anaerobic 
ciliates . 
Despite the usefulness of this technique, there are disadvantages associated with 
FISH. One disadvantage to using fluorescently labelled probes is that this  technique is  
less  sensitive in soi l  microcosms and soi l  slurries than selective plating techniques.  In 
fact, util izing this method can result in recoveries anywhere from 6-68% of detected 
bacteria in soil microcosms and slurries (45) .  The detection and recovery on 
microorganisms in soil is due mainly to the presence of background 'noise' and 
autofluorescence .  B ackground and autofluorescence can also make detection of the 
targeted organisms difficult because the high organic content of soil colloids and 
particulate matter create a masking effect that makes it difficult to detect the organisms 
targeted using whole-cell FISH. Despite these problems the theoretical detection limit of 
the targeted bacterial species in whole-cell FISH is as low as 1o2- I o3 cells/gram of soil 
( 45). Another disadvantage of whole-cell FISH i s  that in nature, most bacterial cells are 
metabolically less active than under selective l aboratory conditions .  These cells contain 
lower concentrations of 1 6S rRNA, and thus contain fewer target regions for the 
fluorescently labelled probes to hybridize. This can result in very weak signalling, which 
in tum leads to a decrease in the detection limits of single cells ( 10 ,  27) .  These 
disadvantages can be overcome by proper selection of a target molecule. By far, the 
reporter molecule that has been used with the most success is the 1 6S rRNA molecule.  
D. The 16S-rRNA Target Molecule 
The 1 6S-rRNA molecule is considered a favorable reporter molecule for direct 
enumeration and detection of microorganisms using whole-cell FISH for several reasons. 
The size of the 1 6S rRNA sub-unit is one reason this molecule is  considered a good 
target. This molecule is roughly 1 500-2000 nucleotides (4, 80), thus containing enough 
information for reliable phylogenetic analysis and making it of sufficient length for easy 
sequencing (63 , 80) . In fact ,  these sequences have been compiled in a database, known 
as the Ribosomal Database Project (RDP), which has become an integral tool in 
phylogenetic analysis and microbial ecology investigations utilizing whole-cell FISH (68 ,  
79). 
Another useful characteristic of the 1 6S -rRNA molecule as a target for whole-cell 
FISH is its structure. The 1 6S-rRNA molecule is  comprised of alternating regions of 
single and double stranded arms (Figure 1 ) .  The double stranded regions provide 
1 1  
structural stability , while the single stranded regions provide easily accessible target sites 
for hybridization, or binding, of the fluorescently labeled oligonucleotide probes (4? 63), 
Figure 1. The secondary structure of 16S rRNA of E. coli (115). 
The relatively high concentration of the 1 6S rRNA molecule in all cell types also 
makes it  a suitable reporter molecule for whole-cell FISH. As many as 10,000 1 6S rRNA 
molecules have been found in single cells at one time, which accounts for approximately 
1 2  
1 13 of the cellular mass in some cell types (4, 78) .  This high concentration gives ample 
binding sites for the nucleic acid probes, thus providing acceptable levels of detection of 
the fluorescent signal. 
Another reason the 1 6S rRNA molecule has been used so extensively in whole­
cell FIS H  is the sequence itself. As previously mentioned, the rRNA sequences of over 
9700 microorganisms have been sequenced and compiled in the RDP database (69) . The 
sequences of this molecule contain 'diagnostic '  regions which are of identical 
composition (homologous) in the molecules of phylogenetically related taxa, yet which 
are different in the 1 6S rRNA of other organisms (4, 69, 79) .  The regions of identical 
composition show sequence homology as specific as the species and subspecies levels.  
These distinctly unique regions provide potential hybridization sites for the detection of a 
particular bacterial species or subspecies in complex ecosystems . In addition, the 16S 
rRNA molecule contains universal sequences that are identical in taxa as diverse as the 
Archea, Eukarya, and Bacteria Domains (77 ,  1 1 5) .  The 1 6S rRNA molecule also 
contains  sequence that are identical in broad taxonomic groups .  These blocks of 
sequence homology allow broad screens of bacterial populations in situ to be performed. 
For example, probes have been used to target members of the Arc he a Domain (20, 4 1  ), 
Eukarya Dornain ( 4 1  ), and Bacteria Domain ( 4 1  ), the alpha, beta, and delta sub-classes 
of the Proteobacterial domain (7 1 ) , sulfate reducers (6, 55) ,  and methylotrophs ( 1 00). 
On the other hand, the unique regions can be used to target very specific organisms . For 
example, oligonucleotide probes have been used to differentiate between two closely 
related species of Bacillus (54) and fourteen different Fibrobacter species (8), and to 
identify a specific iron oxidizing, nitrate reducer (98) . The 1 6S rRNA is  a good target 
molecule for in situ hybridizations ,  yet the labeling of the nucleic acid probes also plays a 
major role in the success of the oligonucleotide probe as a molecular tool.  
E. Fluorescently Labelled Oligonucleotide Probes: 
Originally, detection of microorganisms in situ was limited to the use of 
radioactively labelled oligonucleotide probes (4 1 ,  93).  Over the past several years 
detecting bacteria in situ has expanded to include the use of non-isotopic methodologies 
and techniques. These non-radioactive methods include the use of enzyme linked 
markers , such as digoxigenin (59, 64, 76,  1 1 8) ,  and fluorescent molecules, such as tetra 
methyl rhodamine isothiocyanate (TRITC) , fluorescein isothiocyanate (FITC), and, most 
recently, CY3 (4, 91 ) .  As previously mentioned, the use of  these fluorescent dyes in 1 6S 
rRNA targeted oligonucleotide hybridizations has been studied extensively in a vast 
range of habitats to detect a diverse selection of microorganisms leading to the discovery 
of organisrns previously undetected due to the inadequacies of the enrichment culture 
technique. The ability to detect and monitor uncultured organisms using whole-cell FISH 
has rnade this technique an essential tool in microbial ecology. Whole-cell FISH, enables 
microbial ecologists to monitor the effects of environmental parameters , such as 
temperature, soil pH, soil moisture content, soil nutrition, and salinity on these 'new' 
strains by allowing them to determine the numbers of single bacterial cells and their 
locations in the environmental . By using whole-cell FISH the effects of these 
environmental factors can be determined by monitoring any changes in population 
numbers and distribution. Whole-cell FISH can be used to determine the probability that 
a novel bacterial strain will be a successful bioremedial agent in bioaugmentation of 
contaminated sites by determining the optimal degradation conditions of the targeted 
pollutant. 
This investigation focuses on the development and optimization of a rapid and 
efficient direct detection method using whole-cell FISH to determine the conditions that 
support the maximum metabolic rate, and therefore the maximum rate of biodegradation, 
of the novel bacterial strain PRTOLI .  PRTOL1 utilizes toluene as its sole carbon and 
electron source, therefore if optimal growth conditions for this organism are elucidated, 
the optimal degradation rate of toluene by PRTOL1 can be also be determined. 
F. Toluene Degradation: 
Toluene is  a ubiquitous pollutant found in many terrestrial, marine, and 
freshwater ecosystems. Toluene is considered a Class D carcinogen and a priority level 2 
environmental pollutant by the Environmental Protection Agency ( 1 0 1 ) . This chemical is 
produced in massive amounts (80,000 megatons/year) principally during petroleutn 
refining,  gasoline and styrene production, and also as a solvent in the paint and coatings 
industry (52) . Increased uses of toluene over the past several decades has, unfortunately, 
led to increased toluene pollution in the environment. Approximately 1 7,000 groundwater 
and 29 ,000 soil sites are contaminated with leakage from underground fuel storage tanks 
as the major source contamination (29, 102). Due to the fact that ground water is a 
limited and precious resource, these contaminated aquifers have become prime targets for 
attenuation using naturally occurring microorganisms that can degrade toluene. 
Toluene, a mono-aromatic hydrocarbon, i s  easily degraded by microorganisms 
under aerobic conditions. Under these conditions the toxic chemical toluene is rapidly 
degraded to the non-toxic products , C02 and H20. This degradation occurs rapidly and 
relatively efficiently due to the high abundance of terminal electron acceptors, such as 
oxygen ,  nitrogen, and sulfate (46). Toluene is chemically degraded under aerobic 
conditions through the breakdown of the aromatic ring and delocalization of the electrons 
(2 1 ,  46) . After this initial step degradation of the remaining chemical bonds occurs very 
rapidly due to the loss of stability provided by the aromatic ring (2 1 ,  46). 
Recently ,  toluene degradation has been shown to occur under anaerobic 
conditions. More specifically, anaerobic toluene degradation is known to occur under 
denitrifying conditions (30, 37), ferric iron reducing conditions (66), and sulfate reducing 
conditions ( 1 3 ,  34, 83 ,  84) . Unfortunately, the actual mechanisms and pathways involved 
in anaerobic toluene degradation have yet to be elucidated. PRTOL1 is the only bacterial 
species ever isolated that c an degrade toluene under freshwater, anaerobic, sulfate 
reducing conditions ( 1 2) ,  although Widdel, et al have isolated an organism 
(Desulfocabula toluolica) that can degrade toluene anaerobically under marine 
conditions. PRTOLI ,  therefore, shows promise as a tool in bioaugmentation of toluene 
contaminated ground water aquifers , such as the site located at Seal Beach, CA (33 ,  8 1 ) .  
G. PRTOLl: 
PRTOL1 is a mesophilic, gram negative bacterial strain recently isolated from soil 
collected at the Naval Air Station, Patuxent River, in Maryland (generously donated by 
Dr. Harry Beller) . PRTOL1 is  an obligate anaerobe with a coccobacillus morphology, 
two to three microns long and 1 .2- 1 .7 micrometers in diameter. According to 1 6S rRNA 
sequence analysis ,  strain PRTOL1 is a member of the delta subclass of the 
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Proteobacteria class of the Bacteria Domain. This strain has the uncon1mon ability to 
completely oxidize toluene to H20 and C02 via the benzylsuccinate pathway ( 1 1 )  under 
completely anoxic ,  fresh water conditions using sulphur as an electron acceptor (Figure 
2) .  Few microorganisms have been isolated which possess the ability to utilize toluene as 
an energy source anaerobic ally, yet PRTOL1 is currently the only strain isolated that can 
perform this degradation under fresh water conditions ( 1 2) .  Due to the fact that 
contaminated ground water aquifers commonly become anaerobic due to respiration by 
the authochthonous facultative aerobes ,  PRTOLl is a potential organism to use as a 
natural attenuator of contaminated ground water aquifers, such as the polluted site at Seal 
Beach, CA (33 ,  81) . In order to assess the potential of using PRTOL1 as a bioremedial 
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Figure 2. The biochemical degradation of toluene by PRTOLl. 
agent, it is necessary to first develop a method to quickly, efficiently, and accurately 
detect the organism in natural and introduced environments .  A method utilizing the 
fundamental concepts of FISH was developed to directly detect PRTOL1 in soil slurries 
and to elucidate the environmental parameters influencing its ability to degrade toluene in 
ground water aquifers. 
Development and Optimization of FISH 
In order to assess the feasibility of using PRTOL1 in toluene contaminated ground 
water aquifer bioaugmentation experiments it is necessary to detect low concentrations of 
single cells in soil microcosms and slurries . Previous techniques· to monitor PRTOL1 
utilize cumbersome and time-consuming techniques that indirectly quantitate PRTOL1 
numbers by measuring metabolic by-products ( 1 1 ,  12 ,  1 3) .  These indirect methods are 
not as reliable, or sensitive, as other direct detection methods, such as whole-cell FISH. 
Using whole-cell FISH a rapid, efficient, sensitive, and reliable detection method 
was developed to directly detect PRTOL1 in situ. Making use of the unique sequence 
regions on the 1 6S rRNA reporter molecule (Figure 1 ) ,  complementary probes were 
developed and labelled with the fluorescent molecule TRITC or CY3 . Hybridization 
conditions, such as temperature, duration of reaction, and salinity were optimized to 
increase hybridization stringency. Hybridization conditions were optimized first for the 
detection of purified PRTOL 1  1 6S rRNA, then for isolated single PRTOL1 cells ,  and 
finally, for PRTOL1 cells inoculated into soil slurries. 
The optimized protocol developed has allowed for rapid (less than 16 hours) and 
sensitive (detection limits of 104 cells/gram of soil), direct enumeration of single 
PRTOL 1  cells in situ. Thus ,  it is now possible to utilize this method to determine the 
optimal conditions, such as soil temperature, pH, soil nutrition, and salinity, that suppoti 
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PRTOLl growth and thus support bioremediation of toluene. B y  using whole-cell FISH 
to determine these optimal growth conditions for PRTOLl it is then possible to assess the 
probability of PRTOLl survivorship in introduced environments, and thus its success as a 
bioremedial agent of toluene. 
Soil Slurry Experiments 
To determine the practicality of utilizing PRTOLl as a bioremedial agent, it is  
necessary to predict the effects of various environmental parameters, such as soil 
nutrition, soil pH, and resource competition with autochthonous bacterial species, on 
PRTOLl survivorship and population numbers . Unfortunately,  it is difficult to 
extrapolate results obtained under controlled laboratory conditions to situations in the 
natural environment and subsequently determine optimal conditions that are conducive to 
perform degradative processes (35, 92) because many factors influence the 
biodegradative processes performed by bacterial populations .  The biodegradation of 
organic pollutants ,  such as toluene, is not an intrinsic property of the molecule itself, and 
cannot be predicted without first understanding the environment in which it is found. The 
biological, physical ,  and chemical characteristics of the soil environment determine the 
life-tirne of a chemical in the environment (25) and the bioremedial process itself is 
directly influenced by specific parameters, such as temperature (28), salinity (56), pH 
(28 , 56 ,  95),  inoculum size and source (42, 92), and adaptations of the microbial 
population to degrade the test chemical (92). In this investigation whole-cell FISH was 
used to monitor growth and population numbers of PRTOLl ,  and therefore, indirectly 
determine the ability of PRTOLl to remove toluene from ground water aquifers. This 
investigation focused on the introduction of potential carbon and electron sources, 
specifically benzene and glucose, in soil slurries and the effect that these soil slurry 
amendments had on PRTOL 1  growth and survivorship. 
Another problem commonly associated with determining the optimal 
biodegradation conditions for target pollutants and specific bioremedial agents in 
microbial ecology investigations is the presence of co-contaminants in the ecosystem. 
Toluene, for example, is rarely found in the environment as an isolated pollutant. This 
mono-aromatic hydrocarbon is usually found in conjunction with other aromatic 
hydrocarbons, such as benzene, xylene, and ethyl benzene. This consortia of pollutants , 
commonly referred to as BTEX, is a ubiquitous pollutant that is extremely recalcitrant 
(33). B TEX comprises 1 5o/o of gasoline and is produced in large amounts for use as 
solvents and starting rnaterials for production of pesticides, plastics,  and synthetic fibers 
( 46). The large amount of BTEX produced annually has resulted in the major 
contatnination of several ecosystems, including ground water aquifers . A major area of 
interest, therefore, is the potential of PRTOLl to degrade toluene in the presence of the 
other B TEX compounds and determine PRTOL1 ' s  ability to degrade these other BTEX 
constituents. 
Of all the chemicals in the BTEX consortia, benzene is the chemical that is  
considered the most recalcitrant (8 1 ) ,  yet to what degree is  currently under investigation. 
In recent years benzene degradation has been discovered under aerobic ( 49), anaerobic 
(33 ,  46),  and sulfate reducing environments (8 1 ,  1 09). More importantly, from a 
"remediation" standpoint, simultaneous degradation of benzene and other environmental 
contaminants ,  mainly other aromatic hydrocarbons, has recently been demonstrated ( 43,  
49,  57 ,  77) . 
Recent studies have shown that similarities in degradation pathways and the 
redundancy of enzymes are responsible for the broad utilization of chemical compounds , 
such as groups of aromatic hydrocarbons, with fundamentally similar properties and 
characteristics (46) .  Previous studies have shown that the degradative pathway utilized by 
PRTOL1 to breakdown toluene shows striking similarities to the fundamental processes 
employed by benzene and other aromatic hydrocarbon oxidizers . For example, 
benzylsuccinate and benzoate are common breakdown products in the degradative 
processes of several aromatics ,  including, toluene, benzene, and xylene ( 1 1 ,  2 1 ,  46) . 
In this investigation we examined the effects of amending soil slurry microcosms, 
inoculated with PRTOL1 ,  with benzene to examine the effect of this recalcitrant 
xenobiotic on growth and survival of PRTOLl in soil slurries.  It was shown that 
PRTOLl did not utilize benzene as a carbon and energy source. In fact, the presence of 
benzene in PRTOL1 inoculated soil slurries actually inhibited growth and survival of 
PRTOL1 cells .  
Another major problem affecting successful bioremediation attempts has been the 
inability to effectively introduce microbial populations into 'foreign' environments . 
Previous studies have shown that several factors, including inoculum size and source, 
play integral roles in the success of this process (36, 42, 56) .  It has also been shown that 
exposure to easily utilized carbon and energy sources, such as simple sugars (glucose) 
and alkanes, can increase the probability of successful inoculation of the bioremedial 
organism (56). 
Relatively few studies have been performed though on the anaerobic utilization of 
simple sugars under sulfate reducing conditions ,  such as those conducive to PRTOLl 
populations. Under these conditions , degradation of these compounds is often difficult 
due to low energy yields ( 46). Recently, several investigations have shown that the 
introduction of easily utilized energy and carbon sources can significantly increase 
populations of the target microbes (62, 86). For example, Rhodococcus strain Q 1 5  
showed a significant increase in population numbers after the introduction o f  alkanes 
ranging from C 1 o-C2 1 · Once the alkanes were depleted, strain Q 1 5  utilized the more 
recalcitrant aromatic hydrocarbons ( 1 1 1  ). The sulfate reducing strain, CAT2, showed 
increases in numbers growing on eighteen different aromatics (88) ,  while strain TD3 ,  
another sulfate reducer, also increased i n  number after exposure o f  C6-C 1 6  alkanes. TD3 
also showed population expansion after exposure to several recalcitrant aromatics (86) . 
In other studies, the introduction of high concentrations of glucose resulted in an increase 
in the mineralization of xenotoxins from the environment (56, 62, 89). These studies 
show that the introduction of 'priming' chemicals ,  such as glucose, can stimulate 
metabolic activity and population expansion and subsequently stimulate bioremediation 
of xenobiotics. In this investigation we focused on the 'priming' abi lity of glucose on 
introduced populations of PRTOL1 in soil slurries and the subsequent effect on the 
survivorship of the population. 
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Methods and Materials 
A. Bacteria and Growth Conditions: 
Two facultative anaerobic strains, Escherichia coli and Myxococcus xanthus, and 
three anaerobic strains, Desulfolsarcina variabilis, Pelobacter propionicus, and 
Syntrophobacter wolinii, were selected as control organisms (Table 1 )  for the 
development and optimization of the hybridization conditions used in whole-cell FISH. 
a. Aerobes 
Strain M. xanthus (27927) was obtained from the American Type Culture Collection 
(ATCC) and maintained by periodic transfer in ATCC culture medium 79 1 (ATCC) 
according to the supplier' s recommendations.  E. coli, obtained from stocks maintained at 
SUNY College at Brockport, was grown and maintained by periodic transfer in LB broth 
according to Maniatis ,  et al (70). 
Table 1. Sources of target and control bacteria used in FISH. 
Organisms 02 Need Source 
Escherichia coli Facultative SUNY College at Brockport 
Anaerobe 
Myxoccocus xanthus Facultative ATCC 
Anaerobe 
Desulfosarcina variabilis Anaerobe DSM 
Pelobacter proprionicus Anaerobe DSM 
Syntrophotobacter wolinni Anaerobe DSM 
PRTOLl Anaerobe Stanford University 
anaerobic microorganisms were grown and maintained in amber glass, crimp 
top serum culture bottles ( 1 8 by 1 50mm; Bellco Glass Inc .� Vineland, NJ) sealed with 
poly-tetra liners (Alltech associates , 
Ill ) .  The culture bottles were maintained under oxygen free conditions in an 
anaerobic glove box at 35°C (Coy Industries, Grass Lakes ,  MI) . All materials to 
manipulate, inoculate, and extract the anaerobes within the glove box were sterile (either 
autoclaved, purchased sterile, or heat sterilized within the box) and allowed to degas in 
the anaerobic chamber before use ( 1 2) .  All anaerobic media solutions were prepared as 
described by Widdel et al ( 1 1 2) .  Basal minimal media was autoclaved at 1 2 1  °C for 
twenty minutes and then aseptically purged with an oxygen free mixture of 79o/o N2-2 1 %  
C02 for 4 5  minutes ( 1 2) .  All additional ingredients were added aseptically and under 
strictly anaerobic conditions ( 1 1 2) .  
Strain PRTOLl was received as  a pure culture in a minirnal media ( 1 2) from Dr. 
Harry Beller, Department of Civil Engineering, Stanford University. PRTOL1 was 
grown in  the minimal media of Beller et al with the two following modifications: 
MgS04 (6mM) was used instead of FeS04 to reduce iron precipitation and disodium 
fumarate (2000mM) was used instead of benzoate as a growth substrate (Harry Beller, 
personal cornmunication). This modified media was used for all subsequent inoculations 
of PRTOLL Population numbers and culture purity were determined by using a Spencer 
Bright Line Neubaur 1 / 10mm deep counting chamber under bright field microscopy (6 1 ) .  
This method was used to  generate a 'standard' growth curve for PRTOLl to  determine 
the maximum cell numbers for maximum yield of 1 6S rRN A. These samples were 
removed at a minimum of once a day until a complete growth curve was generated for 
PRTOLI .  
D. variabilis, P. propionicus,and S. wolinii were all obtained from the Deutsche 
Sammlung von Mikroorganismen und Zelkuturen (DSMZ) . D. variabilis (2060) was 
grown and rnaintained by periodic transfer in D SMZ media 1 98 .  Both P. propionicus 
(2379) and S. wolinii (2805-mono-culture) were grown and maintained by periodic 
transfer in DSMZ media 298 .  Cultures of all anaerobic bacterial strains were monitored 
by direct microscopic observation, as described above for PRTOLl .  
B. Oligonucleotide Probes 
a. Selection 
Using EMBL' s FAST A in GCG and Genbank' s  BLASTN 1 4.7 (3) a maximum 
likelihood phylogenetic tree for PRTOL1 (Figure 3) was developed using the method of 
Olsen, et al (75)  based on 1 6S rRNA sequences present in the Ribosomal Database 
Project (68 ,  79) . Bacterial species of varying phylogenetic "relatedness" to PRTOL1 
were selected from the results of this sequence analysis .  Organisms were selected for 
control s  in probe development based on phylogenetic distance from PRTOL1 and 
avai lability. 
Once the relatives were selected it was necessary to find target regions on the 1 6S 
rRNA molecule of PRTOL1 that were unique in comparison to the same regions on the 
16S rRNA molecules of the control organisms . These unique regions on the 1 6S rRNA 
molecule of PRTOL1 were located by manual alignment using DNAsis (Hitachi Software 
Engineering Co, LTD. ,  Boulder, Co). The sequences of these unique regions were 
compared to the same positions on the 1 6S rRNA molecules of the control organisms . 
Figure 3. Maximum likelihood phylogenetic tree for the novel strain PRTOLl based on 16S rRNA 
sequence comparison. This figure is the data generated from entering the 16S rRNA sequence of 
PRTOLl into the on-line database project interned website as 
This program is based on a maximum likelihood 
method as described by Felsenstein (36). Tree_Align uses the program fast DNAml (80.5) which is 
based on Felsenstein's dnaml version 3.3. 
The unique sequences of the 1 6S rRNA molecule of PRTOL1 were used to generate 
potential oligonucleotide probes targeting these specific sites (Table 2) following 
recommendations described by Stahl and Amann (94) . The probe sequences were run on 
FAST A, BLASTN, and Oligo Version 4.0 (National Biosciences , Inc ,  Plymouth, MN) to 
determine the feasibility of each probe as a reporter molecule. Two probes, TOL-461 and 
TOL-650 (Table 2), were selected as markers for two different unique sites along the 1 6S 
rRNA molecule of PRTOL1 (Figure 4) . The probe (GTC G(G/T) C GGC GCC ATT 
A(A/T)G) previously described by Giovanonni, et al (4 1 )  was used as the positive 
control . In this study probe EUB41 1  is simply referred to as the Universal probe. The 
probe (G GCG CCG (A/C)CG ACC GTG) previously described by Giovanonni , et al 
(4 1 )  was used as the negative control . This probe is referred to as the Negative probe in 
this  investigation. The sequences of all probes are given in Table 2. Table 3 shows the 
sequences of Probes TOL-46 1  and TOL-650 and the corresponding sequences of the 16S 
rRNA target sites of PRTOLI and the control organisms used in this investigation. 
Table 2. Oligonucleotide probe sequences used in this investigation. 
Probe Name Sequence Reference 
(3' -5') 
Universal GTC G(Gff) C GGC GCC ATT A(Aff)G 41 
Negative G GCG CCG (A/C)CG ACC GTG 41 
TOL-461 AGG GCC CTG ACT TGT CCA AAA This Study 
TOL-650 GCA GTC CAG AAC TCA TGA CCT This Study 
b. Synthesis 
The oligonucleotide probes (TOL-46 1 ,  TOL-650, Universal , and Negative) were 
synthesized at the Beckman Center for Molecular and Genetic Medicine, Stanford, CA 
water 
uence 
protocol "5 ' 
was 
Reaction", followed by "Purification of Dig-Labeled Nucleic Acids" up to step two of the 
treatment using proteinase K. After the probes were purified the concentration of the 
labeled probe was determined following the procedure "Estimating the Yield of Dig 
Labeled Probe". 
Figure 4. The secondary structure of 16S rRNA of E. coli showing the positions of 
the 'Universal' (positive control) probe target site and PRTOLl specific target sites 
for TOL-461 and TOL-650. 
d. Labelling with Fluorescent Dyes 
The fluorescent dyes tetramethyl-rhodamine isothiocyanate (TRITC; Molecular 
Probes Inc., Eugene,  OR) and CY3 (Biological Detection Systems, Pittsburgh were 
attached to the 5 '  of the oligonucleotide probes .  microliters of  500mM 
carbonate buffer, pH 9 .2, 60pJ of H20,  lOOpJ of l mg/ml of oligonucleotide probe, and 
40JLl of l Omg/ml of dye was mixed, in the dark, overnight, at room temperature. 
This procedure, which was adapted from Delong (26), was performed for each of the 
probes l is ted in Table 3 to l abel them with TRITC. CY3 was attached to each probe 
li sted Table 3 following the manufacturer' s  directions (Biological Detection, Inc., 
Pittsburgh, PA) .  
e.  Purification of Labelled Probe 
The TRITC labelled probes were separated from unlabeled probe using methods 
described by Delong (26). Tris-HCl equilibrated Sephadex G-25 crystals were packed in 
silanized borosilicate glass 1 0-ml pipettes at a bed volume of 8ml . A small plug of 
silanized glass wool was inserted into the end of the sephadex column to retain the pre­
swollen sepahdex and a pariffin plug was inserted into the tip of the column to retain the 
Tris-HCl buffer in the column. 250JLl of the oligonucleotide/dye mixture was added and 
passed through the sephadex column at a drip rate roughly 8mls/hour. This flow rate was 
maintained by the constant addition of Tris-HCl buffer to the column. Using a hand held 
UV trans-illuminator, the movement of the oligonucleotide and dye through the column 
was monitored. Eight drop fractions were collected in 1 .5ml microcentrifuge tubes and 
the concentration of the labeled probe was determined using a Beckman 
Spectrophotometer (Beckman Instruments, Inc . ,  Fullerton, CA) . Only the fractions with 
the appropriate ratio (3 : 1 -probe : dye) were selected for further purification . 
Fractions were then further purified to separate labelled from unlabelled probe. 
The following protocol , based on a personal communication from Braun-Holland ( 1 7) ,  
was followed for each oligonucleotide listed in Table 3 .  A 5ml syringe was attached to 
an ABI OPC column (Applied Biosystems Inc . ,  Foster City, CA) and 5ml of acetonitrile 
was applied to the column at 1 drop/second. 5ml of 2M TEAA, pH 7 .0, was then applied 
to the column at the same rate to eliminate the unlabeled probe. The partially purified 
probe fractions were combined and diluted to l ml with . 1M TEAA. These samples were 
applied to the OPC column at a flow of 1 drop/ 2 seconds . The eluted sample was then 
collected, added back to the original microfuge tube and forced through the column as 
before. The column was then washed in 5ml of 8% acetonitrile, . 1M TEAA. This step 
was then repeated seven times until the sample was finally eluted in lml of 80% 
acetonitrile. Five microliters of each eluant was then tested on the spectrophotometer as 
described above to determine the purity of the labeled oligonucleotide probes.  
Purified, labeled probe was then lyophilized in a S avant Speed Vac (ThermoQuest 
Corp. ,  Holbrook, NY) for approximately twelve hours . Lyophilized probes were then 
resuspended in H20 to a final concentration of approximately SOngful as determined by 
spectrophotometric analysis (26) .  
Isolation of RNA 
All microorganisms li sted in Table 1 were grown to stationary phase 
(approximately 1 07 cells/ml) in order to maximize RNA yield and to eliminate biases in 
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signal strength. E. coli and M. xanthus large subunit RNA was isolated using a 
lysozyme/SDS extraction, fol lowed by phenol/chloroform purification . The isolated RNA 
w as analyzed using agarose-formaldehyde denaturing gel electrophoresis (39). 
Large subunit RNA was collected from all anaerobic microorganisms utilizing the 
previously described methods (39,  96) with the following exceptions. 50ml san1ples were 
initially centrifuged at relatively low speeds ( <5000xG) to separate particulate matter 
(such as residual FeS 04) from cells and resuspended in l0-25mls  of the lysozyme/SDS 
buffer (96) .  This was repeated several times until the particulate matter was negligible. 
Concentrations of resuspended cells were determined and combined to similar yields 
obtained from the aerobes (approximately 107 cells/ml) .  This  was done to increase yields 
of large unit RNA and to eliminate biases between the rapidly growing aerobes and the 
slow growing anaerobes . The RNA was purified, precipitated, and analyzed as described 
above (39) .  
Dot Blot Hybridization 
Large subunit RNA from all organisms was hybridized with the Dig-labeled 
oligonucleotide probes to determine probe specificity and optimize conditions for 
subsequent whole-cell FISH investigations utilizing these probes . The 'Genius System 
User' s Guide' (Boehringer Mannheim Corporation Indianapolis ,  IN) protocol for RNA 
Dot Blot and Colorimetric detection using NBT and X-phosphotate was followed using 
the manufactures recommendations and instructions.  One microliter of the RNA isolated 
from each organism was placed on a Nylon membrane (Boehringer Mannheim) and fixed 
by crosslinking the nucleic acids with exposure to a UV transilluminator for 5 minutes. 
Hybridization temperatures were determined by the program Oligo Version 4.0 (National 
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Biosciences, Inc ,  Plymouth, MN) . The best signal : background ratio was determined by 
performing hybridizations at various temperatures (50°C,  55°C, and 60°C) according to 
manufactures recommendations ( 1 5) .  Dot Blots were hybridized for three hours and 
washed three times in 2 X S S C  at the corresponding hybridization temperature. These 
experiments were repeated for the Universal , Negative, TOL-46 1 ,  and TOL-650 
oligonucleotide probes. 
B. Whole Cell Detection with whole-cell FISH 
a. Cell Fixation 
B acterial fixation protocols by Delong (26) ,  Boehringer Mannheim ( 1 5) ,  Braun­
Howland et al ( 1 6) ,  and Amann (4) were combined to optimize FISH. The optimized 
protocol \vas performed as follows:  At least 1 ml of late log phase/ early stationary phase 
cells (approximately 107 cells/ml) was centrifuged a 5 ,000xG for five minutes and the 
pellet w as resuspended in 300pJ of PBS ,  pH 7 .2 .  Three volumes of 4o/o 
paraformaldehyde/PBS were added to the mixture and the resuspended cells were fixed 
by incubating them at 4°C for three hours . The fixed cells were centrifuged for two 
minutes at 5 ,000XG and the supernatant discarded. The pellet was washed in PBS and 
resuspended in 250,ul of PBS and 500,ul of ethanol .  The fixed cells were stored at -20°C 
until needed. This fixation procedure was performed on all of the microorganisms listed 
in Table 1 .  
b. Hybridization 
Several protocols (4, 1 6, 26) were combined to develop the optimal hybridization 
conditions for the Universal , Negative, TOL-46 1 ,  and TOL-650 oligonucleotide probes.  
Ten spot, teflon coated slides (Cell Line Associates Inc . ,  Piscataway, NJ) were immersed 
for ten minutes in a 65°C heated solution of . 1 %  gelatin and .0 1 %  CrK(S04) . The slides 
were then placed in a glass slide holder, covered with a Kim-Wipe (Fisher Scientific, 
Pittsburgh, PA) to protect the slides from dust and allowed to air dry . 
... HL.J .... .._�"'-'" chambers were set up in incubators at the appropriate temperature 
(55°C ,  60°C,  and 65°C) by soaking a strip of 3MM Whatman paper in .2 X SSC and 
placing the strip in the sealed falcon tube. These chambers were allowed to equilibrate 
by placing them in the incubator for at least thirty minutes before the actual hybridization 
procedure was initiated. These chambers were set up to prevent the evaporation of the 
hybridization buffer during the whole-cell FISH reactions .  
Bacterial cells of all the organisms listed in  Table 1 (collected at concentrations of 
approximately 1 07 cells/ml) were fixed as described above then attached to gel-subbed 
slides by spotting 2 .5pJ of sample onto the slide and letting them air dry in a microscope 
slide holder covered with a Kim-wipe. Cells  were fixed to the gel-subbed slides by 
sequential dehydration ln 50%, 80%, and 95% ethanol solutions for three minutes each. 
The sl ides were then air dried in a glass slide holder, protected from dust with a Kim­
wtpe. 
TRITC and CY3 labelled oligonucleotide probes were hybridize to fixed bacterial 
cells as follows ;  8pJ of hybridization buffer was placed onto each 1 0  spot of the gel­
subbed slides and prehybridized in the isotonically equillibrated chamber for thirty 
minutes .  After prehybridization, 2pJ of probe (approximately 50ng/ul) was added to the 
8pJ hybridization buffer and incubated in the chamber for three hours . Following this 
incubation, slides were immediately washed with .2 X SSC warmed to hybridization 
temperature. This wash was repeated 3X for ten minutes with slight agitation at the 
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hybridization temperature. After the third wash, the slides were rinsed with disti lled H20 
and air dried, protected from dust, in the dark. S lides were then observed under bright 
field and epifluorescence microscopy or stored, dessicated, at 4°C for up to three months 
before observations were made. Photography and cell enumeration were performed as 
described below . 
C. Whole Cell Detection with whole-cell FISH in Soil Slurries 
PRTOL 1  was inoculated into soil slurries to optimize the conditions of whole­
cell FIS H  in these environments and ultimately to assess the feasibility of introducing 
PRTOL 1  into ground water aquifers . A combination of protocols was used to detect (4, 
16, 26, 1 1 3)  and enumerate ( 1 4, 3 8) the PRTOL l  cells under these conditions. 
a. Detection Limits 
An inoculum of 25ml was removed from an actively growing PRTOLl culture 
(approximate! y 1 0  7 cells/ml) and separated from particulate matter as described in the 
section 'RNA i solation ' . The purified PRTOL 1  cells were resuspended in 100J,tl of PBS 
and a serial dilution of 1 : 1 0 ,  1 : 100 ,  1 : 1000, and 1 : 1 0000 in PBS was performed. These 
samples were stored on ice until ready to use. 
A soil s lurry was established by placing 1 gram/20ml of anaerobic soil in PBS 
( 1 1 3) .  The slurry was mixed thoroughly to get even distribution of the soil particulate 
rnatter and then incubated, undisturbed, on ice for eight minutes. This was done to allow 
any soil clumps present to sink to the bottom of the culture bottle .  250pJ of the soil slurry 
were aliquoted into sterile,  anoxic microcentrifuge tubes for each dilution of PRTOL1 
cells in PBS .  These aliquots were centrifuged briefly at 14,000xG and 50pJ were 
removed. Thi s  amount was removed to allow addition of the inoculant and the fixative 
without altering the volume of the sample. Aliquots of 25j,tl  of each PRTOL1 dilution 
was then added to separate tubes containing 200j,tl of soil slurry. An uninoculated tube 
containing a soil pellet was brought to volume with PBS .  This tube was used as a control 
to expose non-specific probe binding of any autochthonous bacteria present in the soil 
sample .  
All samples were vortexed vigorously and incubated on i ce  for one hour. This 
incubation allowed binding of the bacterial cells to soil particulate matter. Samples were 
then centrifuged at 14,000xG for 1 minute, immediately followed by a two minute high 
level sonication performed in a water bath. A fixative solution of 37% formaldehyde was 
added in  25j,tl aliquots to each microcentrifuge tube and briefly vortexed. Samples were 
then incubated at room temperature for 5 - l  0 n1inutes to allow fixing of the bacterial cells 
( 1 1 3) .  
After fixation, the samples were vigorously vortexed then placed at roon1 
temperature, undisturbed for six minutes to let the mixture settle. In order to ensure even 
distribution of particulate matter and bacterial cells it was necessary to dilute 1 OOj,tl of 
each sample into 900gl of . 3 %  SDS . Each microcentrifuge tube was vortexed gently and 
then spotted onto gel-subbed 1 0  well Teflon coated slides ( l Oj,tl per well) .  These slides 
were allowed to air dry, then dehydrated, and hybridized as described for the whole cell 
experiments above. These slides were stored at 4 °C, desicated, in the dark for up to three 
months before enumeration and photography. 
To test the probe specificity in soil slurries inoculated with all of the control 
organisms and PRTOL1 , the procedure described above was repeated with the following 
alterations ; 500j,tl of the soil slurry was aliquoted into sterile, anoxic microcentrifuge 
tubes and 175 JLl were removed. This was to maintain volume when adding 25pJ of each 
of the control organisms and PRTOLI .  The cell/soil mixtures were fixed using 50JLl of 
37o/o formaldehyde and then hybridized and treated as described above . 
b. Repeatability 
The repeatability of this method was also examined by removing five additional 
250td sarnples from the soil slurry and mixed with 25pJ of the original dilution culture 
(with concentration of 107 cells/ml) .  These samples were treated exactly as above through 
the hybridization and post hybridization manipulations. Using the concentration from the 
original inoculum PRTOLl cell numbers were determined and compared to the number 
generated using whole-cell FISH followed by fluorescence microscopic enumeration 
(described below) .  To determine the validity of these data sets statistical analysis was 
performed as described below. 
D. Whole Cell Detection in Substrate Amended Soil Slurries 
To test the applicability of whole-cell FISH the effects of glucose and benzene 
amendments in soil slurries were analyzed. Soil slurries were created by adding anoxic 
soil to l OOml of fresh, uninoculated PRTOLl media at 1 gram/20ml and mixing 
thoroughly.  These soil slurries were inoculated with late log phase/early stationary phase 
cultures and mixed thoroughly again. S amples of 700JLl were rernoved from each culture 
bottle and fixed, spotted on slides, and hybridized, and stored until post hybridization 
manipulations could be performed. S amples were collected every forty-eight hours, and 
treated i dentically as the initial set, for three weeks to monitor population numbers . Once 
the cultures had reached late log phase/early stationary phase (maintained 1 07 cells/ml for 
three days) the soil slurry was amended with either glucose (9mg/L) or benzene (9mg/L). 
These concentrations were based on previous investigations by Hopkins, et al (5 1 ) .  
S ample removal every forty eight hours continued for another three weeks and the 
population numbers of PRTOLl were determined using whole-cell FISH. To ensure that 
any variation in population number was a direct result of the substrate amendment, a 
control culture treated identically to the two amended cultures, except for the addition of 
a substrate, was also inoculated and monitored. After whole-cell FISH was performed, 
slides were stored at 4°C, desiccated, in the dark until enumerated and photographed. 
E. Post Hybridization Analysis 
a. Photography 
Photographs were taken using a Zeiss Axioscope (Carl Zeiss ,  Thornwood, NY) 
equipped with fluorescence microscopy using a TRITC optical filter (emission 
rnaximurn: 5 80nm, absorption maximurn: 555nm) and fitted with a Zeiss 35mm camera 
attachment. The film used was Kodak 400speed ASA color film (Kodak Inc. ,  Rochester, 
NY). Slides were observed with 40X and l OOX oil immersion objectives . The actual 
photographs were taken in brackets of 2, 4, 8, 1 5 ,  and 30 second exposures in order to get 
the best resolution for both bright field and fluorescence pictures.  
c. Microscopic Enumeration using Epifluorescence Microscopy 
Fluorescently l abelled cells were counted on a Zeiss Axioscope using an oil 
immersion l OOX objective lens .  10  different fields of view were chosen randomly along 
transect lines at right angles . The specimens were not observed during changing of the 
fields of view to eliminate non-random selection of fields of view. Bacterial numbers 
were then calculated using the following formula ( 1 4, 38) :  
X=(N/X) (A/B) ( lml/S) 
X=number of fields examined 
N=number of bacteria counted 
A= area of slide covered 
B= area of field of view 
S= amount of slurry in spot 
The numbers generated using the two enumeration methods were analyzed statistically to 
determine the significance, reliability, and reproducibility of the whole-cell FISH 
technique developed in this study. 
d. Statistical Analysis 
To determine the effect of direct enumeration of PRTOLI cells using non-
fluorescent detection with a counting chamber in comparison to the whole-cell FISH 
direct enumeration technique developed in this investigation a paired t-test was 
perfonned (90) using Minitab 10 . 5 1 Xtra (Minitab Inc . ,  State College, PA). To 
determine the repeatibility of the whole-cell FISH a Model II-one way analysis of 




At the onset of this investigation the closest known relative to PRTOLI ,  
according to the 1 6S rRNA sequence analysis, was Syntrophotobacter wolinii. These two 
organisms share a 93% sequence homology of the 1 6S rRNA molecules . In the interim 
of this study one organism phylogenetically more similar than S. wolinii has been 
identified through sequence analysis .  The closest known relative of PRTOLl to be 
identified is strain BKA 1 1 .  This sulfate reducing bacterial strain,  isolated from rice field 
soils,  shows a 99% sequence homology with PRTOLl ( 1 05) .  This analysis is  shown in a 
maximum likelihood phylogenetic tree (Figure 3) .  
Probe Selection and Description 
Probes TOL-46 1 and TOL 650 were designed to target different 2 1  base pair 
regions on the 1 6S rRNA molecule of PRTOLl .  According to sequence analysis using 
the RDP, these probes showed 100% sequence homology to their respective target 
regions ,  while showing minimal sequence similarity to RNA from other organisms . 
Manual alignment analysis shows that there i s  only 33% percent homology between the 
Probe TOL-46 1 target sequence for PRTOLl and the corresponding region of strain 
BKA l l .  For the target sequence for Probe TOL-650, the two target regions share only 
29% sequence homology. The closest relative at the initiation of this study, S. wolinii, 
has a target sequence homology of 3 8 %  for TOL-46 1 and TOL-650, while P. propionicus 
has a 47% sequence homology for TOL-46 1 and a 5 1 %  sequence homology for TOL-
650. D. variabilis has a 1 9% sequence homology for TOL-45 1 and a 1 4% sequence 
homology for TOL-65 1 .  The two aerobic organisms used ·in this study, M. xanthus and 
E. coli, have sequence homologies of 10% and 6% for TOL-450, respectively, and 19% 
and 1 5 %  for TOL-650. 
RNA Isolation 
Large subunit RNA was isolated from PRTOLl ,  S. wolinii, D. variabilis, 
P. propronicus, M. xanthus, and E. coli (Figure 5 ) .  RNA concentrations were determined 
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and samples were diluted to standardize the samples at identical concentrations .  This 
eliminated any biases between RNA samples with regard to the strength of the signal 
from the hybridized probes .  This isolated RNA was used to determine probe specificity 
using DIG labelled 1 6S rRNA targeted probes . 
E.coli M. xanthus P .propionicus D. variabilis S. wolinii PRTOLl 
23S 
16S 
Figure 5. Large subunit rRNA isolation from PRTOLl and control organisms. Products from the 
ribosomal RNA isolation protocol were analyzed using a 1 .0 %  agarose, 2.2M formaldehyde 
denaturing gel at 94 volts for 1 .5 hours. 
Dot Blot llybridization 
Optimal hybridization conditions were determined to occur at ssoc with a 50% 
formarnide concentration for both TOL-46 1 and TOL-650. Probe specificity was 
deterrnined through Dot B lot hybridizations using the isolated large subunit RNA from 
above. The DIG labelled probe TOL-46 1 hybridized specifically to PRTOL1 RNA, yet 
did not hybridize to the isolated RNA from any of the control organisms (Figure 6). 
TOL-650  labelled with DIG also showed specific binding to PRTOL1 i solated RNA, yet 
did not hybridize to the isolated RNA from any of the control organisms (Figure 6). The 
Universal probe hybridized to PRTOL1 ,  S. wolinii, D. variabilis, P. propionicus, M. 
xanthus, and E. coli, while the Negative probe showed no hybridization to any of the 
i solated RNAs (Figure 6). 
b 
Figure 6. Dot Blot hybridizations using DIG labelled oligonucleotide probes to determine probe 
specificity. a) All RNA samples were spotted on to the Dot Blots using this configuration. b) Probe 
TOL-461. c) Probe TOL-650. d) Universal Probe. e) Negative Probe. 
Whole Cell in situ Hybridization of Bacterial Mixtures 
Mixtures of TOL-46 1 and TOL-650 hybridized specifically to PRTOLI cells ,  
while showing no binding to the S. wolinii, D. variabilis, P. propionicus, M. xanthus, and 
E. coli bacterial cells (Figure 7) .  Some faint autofluorescence was present in all 
hybridizations performed, yet the actual probe signal was significantly brighter. Specific 


Soil � �  .. � -.... ;;..,.,., 
The detection range of PRTOLI in soil slurries using whole-cell FISH was 
determined with a serial dilution of a late log/early stationary phase culture of PRTOLI .  
The concentrations of PRTOLI cells i n  each dilution of the series were determined using 
a counting chamber. The original inoculum had a PRTOLI concentration of 8 . 9  X 1 07 
cells/ml and each subsequent dilution was roughly 10  times less than the preceding 
dilution (Table 4 ) . cell concentration of PRTOL1 in the original inoculum was 
determined using whole-cell FISH to be 7.4 X 1 07 cells/mi . Using FISH each subsequent 
dilution in the series was approximately ten times less than the previous dilution (Table 
4) .  The two detection methods consistently detected similar concentrations of PRTOL1 
cells for each dilution tested (Table 4) .  For example, the concentration of the 1 0""'3 
dilution was 6 .9 x 1 04 cells/ml using the counting chamber and 4. 1 x 1 04 cells/ml using 
whole-cell FISH. Statistically  speaking, there is  a significant difference between the two 
detection methods . The counting chamber method consistently detected higher 
concentrations of PRTOLI cells, making it more sensitive than the whole-cell FISH 
detection method. Nevertheless, the two measures for each dilution are highly correlated. 
Regression of any two measurements shows that 99% of the variation in the whole-cell 
FISH derived values is  explained by variation in the values derived using the counting 
chamber method (r2=.99*) .  
The actual minimum level of  detection of  PRTOL1 using whole cell FISH was 
determined as 6 .7 X 1 05 cel ls/mi . Lower concentrations of PRTOL1 cells were 
determined (the lowest being 2 . 3 x 1 03 cells/ml) ,  yet anything below 1 05 cells/ml was 
not considered significant. The significance of PRTOL1 concentrations was determined 
during initial sampling of fixed, hybridized cells .  To enumerate, ten fields of view were 
randomly selected, the cells in these fields were counted, and these numbers were used to 
calculate total PRTOL1 cell concentration. If PRTOL1 was absent from any any of these 
ten fields of view the final calculated concentration using whole-cell FISH was 
considered insignificant ( 1 4) .  
The maximum level of  PRTOL1 cells detected in  this investigation was 
determined to be 1 .0 x 108 cells/ml using whole..:cell FISH. It is  possible to detect 
PRTOL1 cell concentrations greater than 1 08 cel ls/ml, yet the actual upper limit of 
detection was not determined. 
Table 4. Detection Limits of PRTOL1 
Sample Dilution Total Cells Counted Concentration using Concentration Using whole� 
counting chamber cell FISH 
10° 3100 7.  4X107 cells/ml 8.9X107 cellslml 
10"1 203 3. 8X106cells/ml 5.9X106cellslml 
r--
10"2 57 2.5X105cellslml 6. 7X1 o5 cellslml 
10"3 6 6.9X1 04 cellslml'�' 4.1X104cellslml'P 
10"4 1 7 .3X1 03 cellslml'�' 2.7X103 cells/ml'�' 
<r Considered msignificant 
Soil Slurry Experiments with Glucose and Benzene 
PRTOL1 cells showed an increase of 1 66 %  in the sample amended with glucose, 
but showed no increase in population size in the benzene amended sample (Figure 9). 
This increase from 1 05 cells/ml to 1 08 cells/ml occurred approximately seven days after 
* p<.0001 
amending the sample with glucose. The population peaked at 1 .00 x 1 08 cellshnl, then 
gradually  returned to a concentration of 105 cells/ml after an additional 72 hours . The 
populations then exhibited typical growth patterns for non-amended cultures, declining to 
a non-detectable around day 
B oth the benzene amended and control soil slurries exhibited typical growth 
patterns for PRTOL l  cultures at 35oc,  maintaining 1 06cells/ml until day 14 when both 
cultures began to decrease in cell numbers . At day 1 6  the benzene amended soil slurry 
decreased by 32o/o ,  while the control soil slurry maintained cell numbers . Both of these 
cultures continued to decline in numbers , as expected, until reaching non-detectable 
levels on day 

Discussion 
In this investigation we have developed a rapid, efficient, and reproducible 
method to detect the novel toluene degrading bacterial strain PRTOL1 .  The method 
developed and optimized in this study utilizes whole-cell fluorescent in situ hybridization 
(FISH) to detect single PRTOL1 cell s in soi l  slurries at concentrations as low as 1 03 
cells/ml and concentrations as high as 1 08 cell s/mi . Using whole-cell FISH PRTOL1 
cells in soil slunies and soil microcosms can be collected, processed, detected, and 
enmnerated within sixteen hours of sampling. Ideally, whole-cell FISH can be used to 
specifically detect single bacterial cells in soil slurries with minimal amounts of 
autofluorescence and background noise, with a maximum amount of probe specificity. 
To ensure ideal and optimal conditions for whole-cell FISH various parameters were 
investigated, including development of probe specificity, signal to noise ratio ,  and 
autofluoresence from biotic and abiotic factors . An overview of how these parameters 
were developed to optimize the whole-cell FISI-I detection technique i s  discussed below. 
Development and Optimization of Whole-cell FISH 
To avoid the potential problems mentioned above the whole-cell FISH direct 
detection method using non-isotopic 1 6S rRNA targeted oligonucleotide probes was 
developed and optimized by performing several experiments in sequential order. The 
first set of experiments dealt with developing probes targeting unique regions on the 1 6S 
rRNA molecule of PRTOLl .  Two 2 1 -mer oligonucleotide probes ,  known as TOL-46 1 
and TOL-650 (Table 2), each targeting a unique region of the 1 6S rRNA of PRTOLl ,  
were developed based on two highly unique regions on the 1 6S rRNA molecule of 
PRTOLl (Figure 4 ). These regions are considered unique based on comparisons of 
homologous sequences in the phylogenetic relatives of PRTOLl used in thi s  
investigation (Table 3 ) .  1 6S rRNA was  isolated from PRTOLl and these various 
phylogenetic relatives (Figure 5) and used in dot blot hybridization experiments to 
determine probe specificity. These dot blot hybridizations were performed using probes 
TOL-46 1 and TOL-650 labelled with the molecule Digoxigenin .  Both TOL-46 1 and 
TOL-650 hybridized only to the rRNA of PRTOLl and not to any of the rRNA of the 
control organisms (Figure 6) .  Non-specific hybridization, a common problem in many 
whole-cell FISH investigations, was not a problem under the conditions used in these dot 
blot experiments . This experiment gave us an indication of the hybridization conditions 
(i .e .  hybridization temperature, post-hybridization wash times, etc . )  under which to 
perfonn the actual whole-eel] hybridization experiments on PRTOLl .  This experi1nent 
also showed preliminary evidence that the oligonucleotide probes TOL-46 1 and TOL-650 
were specific enough to use as reporter molecules of PRTOLl in situ. 
To further test the specificity of oligonucleotide probes TOL-46 1 and TOL-650, 
whole-cell FISH was performed on mixtures of PRTOLl ,  S. wolinii, D. variabilis, 
P. propionicus, lw . . xanthus, and E. coli. Probes TOL-46 1 and TOL-650 used in these 
whole-cell experiments were labelled with the fluorescent dyes TRITC and CY3 . The 
probes specifically hybridized to PRTOL1 cells ,  yet no visible non-specific binding to the 
control organisms was observed (Figure 7). Two common problems with typical whole­
cell FISH investigations, autofluorescence and non-specific probe binding were not 
evidenced in this stage of development and optimization of this detection method. 
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One common problem that was encountered in this stage of development and 
optimization of whole-cell FISH was the low signal intensity of the fluorescent probes 
due to low metabolic activity of PRTOLl .  Low cellular activity leads to low levels of 
1 6S rRNA molecules , which in tum leads to low binding sites for fluorescently labelled 
oligonucleotide probes. The fewer the binding sitesj the less hybridization of probes to 
the binding sites that can occur, thus leading to less intense signal from the hybridized 
probes (26) . In this investigation, this problem was overcome in two ways. First, two 
probes, TOL-46 1 and TOL-650, targeting different regions of the 16S rRNA molecule of 
PRTOL1 were developed and hybridization conditions were optimized. The use of these 
two probes simultaneously gives a significantly more intense signal that the two probes 
used independently. Secondly, this problem was overcome by the use of glucose as a 
stimulant of growth and proliferation of PRTOL1 cells (This is discussed in detail under 
"Application of Whole-Cell FISH" below). 
A.s a result, the experiments performed in this stage of the developrnent and 
optimization of whole-cell FISH showed that mixtures of probes TOL-46 1 and TOL-650 
were specific enough, and the signal strong enough, to detect PRTOL1 cells in mixtures 
of purified microorganisms . To ultimately determine the optimal conditions of whole­
cell FISH for monitoring PRTOL1 numbers in bioaugmentation experiments though,  it 
was necessary to perform similar whole-cell hybridizations in actual soil slurries. 
For the next experiment in the development and optimization of whole-cell FISH 
using probes TOL-46 1 and TOL-650,  single PRTOL1 cells were introduced into non­
sterile soil slurries containing mixtures of S. wolinii, D. variabilis, P. propionicus, M. 
xanthus, and E. coli. Probes TOL-46 1 and TOL-650 once again hybridized specifically 
5 1  
to PRTOLl and failed to bind to the introduced and indigenous microbes present in these 
soil slurries (Figure 8). Thus,  non-specific binding of the labelled probes was not a 
problem in the soil slurry experiments , however, two common problems associated with 
whole-cell FISH detection were encountered. 
The two problems encountered in the soil slurry experiments were low signal 
intensity and autofluorescence of soil particulate matter. Low signal intensity was again 
observed for these experitnents using only one of the l abelled probes. By using mixtures 
of the TOL-46 1 and TOL-650 as was done in the hybridization experiments using only 
pure bacterial cells this problem was easily rectified. Autofluorescence of soil particulate 
matter, which has been a major problem in previous FISH investigations ,  was a minor 
problem in the detection of PRTOLl .  Autofluorescence of the soil colloids and 
particulate matter was observed (Figure 8),  yet it did not significantly interfere with the 
detection and enumeration of PRTOLl .  This was due in part to the strong intensity of the 
fluorescent signal given off by the probe mixtures and also by the unique shape and 
structure of PRTOLl. 
PRTOLl ,  fortunately for this  investigation and for those to be performed in the 
future, has very distinct morphological features ,  such as size, shape and internal structure. 
PRTOLl is quite large (2 to 3 Jlm long) compared to other bacteria, making it quite 
distinguishable from the other microbes in the soil slurry. It also has a coccobacillus 
shape that makes it more refractile under bright field and epifluorescence microscopy. 
This shape helps to distinguish PRTOLl from other microorganisms in soil microcosms 
and soil slurries. PRTOLl cells also contain iron sulfide granules concentrated in pocket 
type structures, which makes the individual PRTOLl cells extremely easy to identify in 
mixtures of other microorganisms (Figures 7 and 8) .  However, other sulfidogenic 
organisms in soils  may contain similar internal structures, therefore it is necessary to test 
the soil sites under investigation for the presence of such organisms and for non-specific 
""V''"'" ..... ... ". V "-' '"'" '"" '"' probes . binding of the 
Range, Accuracy, of Whole-Cell FISH 
Overall ,  these experiments showed that it is possible to use whole-cell FISH to 
differentiate PRTOLl cel ls  from the indigenous soil bacterial populations, other 
introduced organisms, and soil colloids and particulate matter. Before whole-cell FISH 
could actually be applied to bioaugmentation studies of toluene degradation by PRTOLl ,  
it was necessary to determine the limitations of this technique . These limitations include 
the detection range of PRTOLl cel ls  using this n1ethod, the repeatability, or accuracy. of 
this method, and the yields of detected cells using this method con1pared to other direct 
detection techniques.  
One of the major limitations associated with whole-cell FISH is  the inability to 
detect extre1nely  low and extremely high concentrations of microbes in soil microcosms . 
To determine the detectable  range of PRTOL1 cells in soil slurries a serial dilution was 
performed using a late log/early stationary phase culture of PRTOL1 .  This dilution 
ranged from the original inoculum ( 1 07 cell s/ml) down to Io-4 ( 1 03 cells/ml) .  From this 
experiment it was shown that using a mixture of probes TOL-46 1 and TOL-650 it was 
possible to detect PRTOL1 cell concentrations as high as 7 .4 x 1 07 cells/ml (without first 
diluting the sample) and as low as 7 . 3  x 103 cell s/mi . Due to limitations of the 
enumeration calculation, cellular concentrations below 2 .5  x 1 o5 cells/ml were 
considered insignificant. To enumerate, ten fields of view of fixed, hybridized soi l slurry 
samples were selected, and PRTOLl cell exhibiting fluorescent signals were counted and 
the total concentration of cell s was calculated using the formula described in "Methods 
and Materials" above. If any of these fields of view did not contain any fluorescently 
labelled PRTOLl cells the total cell concentration was not considered significant. 
Dilutions 10-3 and 1o-4 both contained at least one empty field of view, therefore the 
concentrations for these two dilutions ,  6 .9 x 1 04cells/ml and 7 .3  x 1 03cells/ml, are not 
considered significant. Therefore, it is possible to detect PRTOL1 cells within the range 
of 7.4 x 1 07 cells/ml and 7 . 3  x 103cells/ml, yet it is only possible .to enun1erate PRTOL1 
cells within the range of  7 .4 x 1 07 cells/ml and 2 .5  x 105 cells/mi . 
Next, it was necessary to determine the accuracy, or repeatability, of whole..:cell 
FISII utilizing probes TOL-46 1 and TOL-650.  Five sub-samples were taken from the 
same active soil slurry of PRTOLl and whole-cell FISH was performed on each one, 
followed by detection and enumeration using epifluorescence microscopy. S ample 
counts were compared to each other using a Model II, one way analysis of variance 
(ANOV A).  The analysis performed shows that there is a failure to reject the null 
hypothesis (F= .39*) .  The null hypothesis is that there is no variability in quantity of 
bacteria between random samples. This data suggests that the sampling technique used 
did not produce a significant variation between independently collected samples. These 
results suggest that the whole-cell FISH detection method developed in this investigation 
is significantly reproducible and accurate. 
The final test performed to determine the limitations of whole-cell FISH using 
probes TOL-46 1 and TOL-650 was the comparison between yields of PRTOLl cell 
*p<.80 
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concentrations determined using this  method versus using a direct microscopic counting 
chamber. A serial dilution was performed and two sub-samples were removed from each 
dilution in the series. One set of sub-samples was enumerated using a counting chamber, 
while the other sub-sample was enumerated, after whole-cell FISH was performed, using 
epif1uorescence microscopy (Table 4) . The numbers of PRTOLl cells were compared 
and statis tically analyzed by performing a paired t-test. The results of this analysis 
indicate that the counting chmnber method was statistically more sensitive than 
enumeration using epifluorescence microscopy. Despite this  fact though, the detection 
and enumeration of PRTOLl cells using whole-cell FISH consistently detected cell 
populations of PRTOLl to the same order of magnitude as the counting chamber method. 
For detection and enumeration in bioaugmentation studies the ability to detect the 
microbes at this concentration, along with the degree of accuracy already established for 
this technique, is  more than adequate. 
Use of Whole-Cell FISH in Bioaugmentation Studies 
Despite the fact that whole-cell FISH using probes TOL-46 1 and TOL-650 has 
been shown to be quite specific,  reliable, and accurate for detection of PRTOLl cells in 
soil slurries, there are stil l  uncertainties associated with using this technique to monitor 
PRTOLl populations in bioaugmentation investigations.  The main problem associated 
with using whole-cell FISH in bioaugmentation experiments in actual field studies is due 
to the high degree of variation in microbial species from site to site and the lack of 
detailed characterization of the majority of microbial ecosystems. It is estimated that less 
than 20o/o of the microorganisms present in the environment have been cultured, isolated, 
and characterized, and even less information is  known about these microbes '  interaction 
in their natural environment (29). Due to this high degree of uncertainty there is no 
guarantee that probes TOL-46 1 and TOL-650 will hybridize only to PRTOLl cells all 
environmental samples, simply because the microbial communities are not fully 
understood and characterized. this  time, evidence strongly suggests that probes 
46 1 and TOL-650 are very specific to only the target regions of the 1 6S rRNA molecule 
of PRTOLl .  The closest known relative of PRTOLl ,  strain BAK l l ,  could not be tested 
due to unavail abil ity, yet the target sequences of the two probes share only a 33% and 
29% homology between these two relatives . The control organism P. propionicus has an 
overall sequence homology of 62% ,  yet the sequence homology between probe target 
regions is 47% and 5 1 %  for TOL-46 1 and TOL-650, respectively. Non-specific binding 
of the fluorescently labelled probes did not occur with P. propionic us in any of the 
experi1nents performed to test probe specificity (Figures 6, 7, and 8), therefore it is 
reasonable to hypothesize that TOL-46 1 and TOL-650 will not bind to the target regions 
on the 1 6S rRNA of strain B AK l l .  This is important because it shows the high degree of 
specificity of probes TOL-46 1 and TOL-650 which is  essential to differentiate PRTOLl 
from closely related organisms that might be present in contaminated soil sites that have 
yet to be identified. In order to eliminate this problem, it will be necessary to test the 
soil ,  and superficial ly characterize the microbial population, to be used in the study for 
any non-specific binding of the probes .  The presence of these organisms in target 
locations for bioaugmentation using PRTOLl could interfere in the use of this detection 
method. At this time though probes TOL-46 1 and TOL-650 show enough strain 
specificity that their use to detect PRTOLl cells i s  definitely feasible. 
Another problem associated with using whole-cell FISH to detect and monitor 
PRTOLI cells in contaminated environments is the limitations of determining actual cell 
concentrations. Due to the presence of iron sulfide precipitates and soil particulate matter 
it is not possible to determine cell concentrations using a spectrophotometer. Therefore, 
the determination of the cel lular concentration of PRTOLI is limited to the use of 
mathmatical manipulations and calculations.  In this investigation we compared the yields 
of PRTOLI cells using whole-cell FISH with the yields using the counting charnber 
methodology described by B loem, et al ( 14) .  Both of these methods detected very similar 
PRTOLI cell concentrations (Table 4) .  
Despite the problems and limitations associated with whole-cell FISH and the 
direct detection of PRTOLI in soil slurries, this method has been shown to be extremely 
strain specific, rapid, inexpensive, and reliable.  1\!Iost importantly though, the ability of 
whole-cell FISH to detect and identify PRTOLI in actual environmental samples makes 
it possible to apply this method to determine optimal growth conditions, and thus optimal 
degradation of toluene, for PRTOLI in indigenous and foreign environments .  The goal 
of this investigation was to develop a rapid, efficient, inexpensive, and safe method to 
directly detect PRTOLI in soi l  microcosms and soil slurries . This direct detection 
method can now be used to assess the feasibility of using PRTOLI in bioaugmentation of 
toluene contaminate ground-water aquifers . Due to the fact that PRTOLI has only 
recently been isolated and characterized, very little is known about the effects of 
environmental parameters, such as temperature, salinity, soil type, and available carbon 
and energy sources on PRTOLI population numbers and survival . Using the whole-cell 
FISH direct detection method developed and optimized in this investigation it is  now 
possible to apply this  technique to monitor the affects of varying conditions of PRTOL1 
growth and survivorship .  
Application of 
Whole-cell was also used to monitor fluctuations in population numbers of 
PRTOL l  introduced into non-sterile soil slurries and the effects of amending the soil 
slurries with glucose and benzene on the population. One of the major obstacles 
encountered in using naturally occurring organisms in bioaugmentation experiments is 
the inability to successfully introduce the organisms in the polluted environment. Many 
factors influence the successful introduction of microbes into the target environment. In 
general , the organism to be introduced must overcome the biotic and abiotic limitations 
of the foreign ecosysterr1 to become established in this  environment ( 42) . One method 
proposed to help the microbes to become established in introduced environments is to 
inoculate the environment with a 'priming' substrate ( 42, 56 ,  89) .  The addition of a good 
growth substrate allows growth at a high rate for a short period of time, thus allowing 
establi shment of a large population of metabolically active heterotrophic organisms (42 , 
56,89) . Previous studies have shown that the introduction of easily  utilized carbon and 
energy sources , such as glucose, created an increase in the mineralization of xenobiotics 
(89) due to the increase in bacterial populations and the increased metabolic activity of 
the heterotrophic population. 
In this investigation the effect of glucose and benzene on population numbers of 
PRTOL l  inoculated in non-steri le soil was analyzed by using whole-cell FISH (Figure 
9).  Thi s  easily utilized carbon source caused PRTOLl cells to increase significantly less 
than 48 hours after the sample was amended. PRTOLI numbers actually increased by 
1 1 6% which has beneficial ramifications for bioaugmentation projects involving this  and 
other bacterial strains . As mentioned previously, one of the major drawbacks to using 
naturally occurring microorganisms in bioaugementation experiments i s  that often times 
the introduced organism fail s  to become temporarily  or permanently established in the 
foreign environment long enough to remove the targeted chemical pollutant. B y  
amending the inoculated soil slurry with glucose, PRTOLl bacterial population increased 
significantly in number, thus increasing the l ikelihood that inoculation will be successful .  
Although the results of this experiment are promising, several questions remain 
unanswered. For example, is amending the soil slurry one time enough to ensure 
successful inoculation of PRTOLI ?  Is there a maximum concentration of glucose that 
will stimulate proliferation and if so, what is it? Would subsequent amendments or a 
constant influx of glucose lead to successful inoculation? vVhat effect does glucose have 
on the rate of toluene degradation? How is the addition of glucose affecting the 
autochthonous microbial populations?  
The answer to  these questions are extremel y  important in ultimately detennining 
the feasibility of using PRTOLl in bioaugmentation of toluene contaminated ground 
water aquifers . From the results of the experiment performed during this investigation it 
appears that it may be possible for glucose to stitnulate degradation of toluene by 
stimulating PRTOLl growth and metabolism. Thi s  has been shown to occur with a wide 
variety of toxic chemicals .  For example, organisms that can utilize phenol and toluene as 
co-substrates in trichloroethlyene (TCE) degradation experiments are very common (32, 
5 1 ,  73 ,  75) .  Isopropylbenzene has also been used to stimulate naturally occurring 
microbial consortia in TCE bioremedial investigations (24 ). If glucose acts as a stimulant 
for toluene degradation, which is the indication of the data, thi s 'prirning' chemical could 
significantly decrease the time needed to augment toluene contaminated ground water 
aquifers .  
Another problern commonly associated with bioaugmentation, specifically 
toluene, is  the presence of other chemical pollutants . Toluene is rarely found as an 
isolated pollutant (8 1 ) . In fact, it i s  found so frequently in the environment with ethyl­
benzene, benzene, and xylene that this chemical consortia was given the acronym BTEX. 
The presence of these other chemicals should be considered in two different ways when 
assessing the feasibility of PRTOLl as a bioremedial agent of toluene. First of all ,  the 
chemicals making up BTEX are all monoaromatic hydrocarbons . Previous studies have 
shown that organi sms capable of degrading one species of a chemical group often times 
exhibit degradative capabilities of other chemical species of the same group (46, 77). For 
example, phenol and toluene are co-metabolized in the presence of TCE because the 
enzymes involved in the catabolic degradation of these chemicals are interchangeable 
(32, 5 1 ,  73 ,  75) .  This interchanging of enzymes to degrade chemicals is based on the 
idea of enzyme redundancy and catabolic pathway similarity ( 46, 77). For example, 
toluene and benzene have similar chemical structures, therefore it is  not unreasonable to 
assume that since PRTOLl can degrade toluene, it can also degrade benzene. It has been 
shown by Beller, et al that PRTOLl can degrade other chemical pollutants, such as 
xylene, fumarate, and pyruvate ( 1 2) .  
Another important aspect of  the presence of  other chemical pollutant in potential 
sites for bioaugmentation is the way that other chemical pollutants will affect the 
bioremedial agents ,  such as PRTOLI .  Benzene i s  not only the most recalcitrant of the 
chemicals present in the BTEX consortia, it has also been shown to be extremely toxic to 
living organisms (8 1 ) .  Benzene is highly toxic to living organisms because the 
preferential partitioning of this  hydrocarbon in cell membranes disrupts the membrane 
structure, which ultimately leads to cell death (52) .  Therefore, it is extremely important 
to specifically determine how the presence of benzene will affect the use of PRTOLl as a 
bioremedial agent in toluene contaminated ground water aquifers . Previous studies by 
Beller, et al ( 1 2) have shown that PRTOLl did not necessarily utilize benzene as an 
electron donor, yet the actual effect of benzene' s  presence was not determined. If 
benzene acts as an inhibitor of PRTOLI cells ,  as is  shown in this investigation, high 
concentrations of benzene present in target sites could prevent PRTOLI populations from 
becon1ing established in the foreign environment and thus acting as bioattenuators . 
Furhter investigation is needed to determine the toxicity levels of benzene and the 
chronic and acute effects of benzene on toluene degradation by PRTOLI .  
Using whole-cell FISH it i s  possible to detect single cells of PRTOLI  in mixtures 
of other closely related microorganisms in soil slurries . It is also possible to use this 
method to evaluate the feasibility of using PRTOLI in bioaugmentation of toluene 
contaminated ground water aquifers by determining the effects of such environmental 
stimuli as temperature, pH, soil moisture, soil salinity, and the effects of amending the 
soil slurries with glucose and benzene,  on PRTOLI surviorship, and ultimately 
PRTOL I  's ability to degrade toluene. While this method is not infallible, we have shown 
that it is a useful method for monitoring the survival and growth of PRTOLI in 
laboratory and field bioaugmentation studies. 
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